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EXECUTIVE SUMMARY 
 
Only one-sixth of the matter in our universe is made of the fundamental particles we understand.  
Understanding ǿƘŀǘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ άŘŀǊƪέ ƳŀǘǘŜǊ ƛǎ ƳŀŘŜ ƻŦ ƛǎ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ŦǳƴŘŀƳŜƴǘŀƭ 
goals in modern science.  It connects such disparate scientific areas as the formation of stars and 
galaxies, the earliest moments of our universe, and the constituents of matter at the smallest length 
scales.  Astronomical evidence for dark matter has built steadily for eight decades, though the 
elementary particles or waves that constitute dark matter remain a mystery.  Recent theoretical 
developments have highlighted the importance of searching for dark matter particles in the range from 
as heavy as a single hydrogen atom to the lightest mass consistent with galactic structure (30 orders of 
magnitude lighter).  Remarkably, small projects at the $5Mς$15M scale can explore key milestones 
throughout this range.  By seizing these opportunities, we are now in a position to finally discover the 
nature of dark matter. 
 
The Particle Physics Project Prioritization Panel (P5) identified the search for dark matter as one of the 
five priority science drivers for the High-Energy Physics Program.  The 2014 P5 report further 
recommended a portfolio of small projects to enable an uninterrupted flow of high-priority results.  This 
Basic Research Needs (BRN) Report presents a program of small projects to lead to the discovery of the 
nature of dark matter.  The program makes use of Department of Energy (DOE) facilities and 
infrastructure and is complementary to the ongoing Generation-2 (G2) dark matter program. 
 
The G2 program has mostly focused on dark matter masses larger than the proton mass using nuclei as 
targets.  The current program also explores wave-like dark matter in a narrow range of very low mass.  
Looking beyond the current G2 program, in this report we consider complementary searches for dark 
matter particles with mass less than the proton mass. 
 
These goals motivate a discovery program along three Priority Research Directions (PRDs), reflecting 
complementary strategies that, taken together, address a Grand Science Challenge with the overarching 
goal of finally understanding the nature of the matter of the universe.  The science priorities in this BRN 
report can be realized by a series of small projects that will produce high-priority results and are 
described by the three PRDs. 
 
This program is achievable at modest cost because it leverages existing and planned large-scale DOE 
investments and expertise in accelerators, underground laboratories, detector R&D, novel quantum 
sensing, and theoretical physics. 
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The Priority Research Directions, in no particular order, are: 
 

 

PRD 1: Create and detect dark matter particles below the proton mass and associated forces, 
leveraging DOE accelerators that produce beams of energetic particles. 
 

 

 
Interactions of energetic particles recreate the conditions of dark matter production in the early 
universe.  Small experiments using established technology can detect dark matter production with 
sufficient sensitivity to test compelling explanations for the origin of dark matter and explore the nature 
of its interactions with ordinary matter.  These experiments draw on the unique capabilities of multiple 
DOE accelerators (Continuous Electron Beam Accelerator Facility, Linac Coherent Light Source-
II, Spallation Neutron Source, Los Alamos Neutron Science Center, and the Fermilab complex) to enable 
transformative new science without disrupting their existing programs. 
 

 

PRD 2: Detect individual galactic dark matter particles below the proton mass through 
interactions with advanced, ultra-sensitive detectors. 
 

 

 
Galactic dark matter passes through the earth undetected every second.  Recent advances in particle 
theory highlight new compelling paradigms for the origin of dark matter and its 
detection.  Revolutionary technological advances now allow us to discover individual dark matter 
particles with a mass ranging from the proton mass to twelve orders of magnitude below, through their 
interactions with electrons and nucleons in advanced detectors.  New small projects leveraging these 
theoretical and technological advances are needed and can be carried out by using DOE personnel, 
laboratories, and infrastructure, especially the underground infrastructure already built using DOE 
support. 
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PRD 3: Detect galactic dark matter waves using advanced, ultra-sensitive detectors with 
emphasis on the strongly motivated QCD axion. 1 
 

 

 
Recent technological and theoretical advances finally allow the detection of dark matter in wave form 
over the entire 20 orders of magnitude of the ultralight mass range, previously inaccessible to 

observation.  Discovery of these dark matter waves with advanced quantum sensors would provide a 
glimpse into the earliest moments in the origin of the universe and the laws of nature at ultrahigh 
energies and temperatures, far above what can be created in terrestrial laboratories. 
 

 
The three PRDs represent a comprehensive program of small projects to explore dark matter from 
below the mass of the proton down to the smallest possible mass for dark matter.  Together, all three 
directions cover the key range of possibilities for dark matter across this mass range (G2 program range 
included for comparison).  All three PRDs are needed to achieve broad sensitivity and, in particular, to 
reach different key milestones. 
 

 

 
Successfully unravelling the nature of dark matter, its interactions, and its origin in the universe can only 
be achieved by combining results from projects spanning these new initiatives.  In the event of a 
discovery, each provides a unique and essential piece of the puzzle. 

                                                           
1 The QCD axion is a highly motivated dark matter candidate.  It is a solution to the strong CP problem and arises in 

many frameworks of physics beyond the Standard Model of particle physics, including grand unified theories and 
string theory. 
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1. INTRODUCTION 
 

Compelling new ideas for the origin and nature of dark matter, recent 
developments in detector and quantum sensors, and successful pathfinder 
experiments open an unexplored frontier for the exploration of dark matter. 

 
Importance of Dark Matter 
 
The universe visible to us is a rich tapestry of stars, galaxies, galaxy clusters, and galaxy filaments in a 
cosmic web of structure.  But detailed study of the motions of visible objects reveals that there must be 
ƳŀǘǘŜǊ ǘƘŀǘ ǿŜ ŘƻƴΩǘ ǎŜŜΣ ǘƘŀǘ ƛǎΣ ŘŀǊƪ ƳŀǘǘŜǊΦ  ¢ƘŜ ƎǊŀǾƛǘŀǘƛƻƴŀƭ ŦƻǊŎŜ ƻŦ ŘŀǊƪ ƳŀǘǘŜǊ ƛǎ ǘƘŜ ƎƭǳŜ ǘƘŀǘ 
binds together galaxies and other structures.  The evidence for dark matter has grown ever stronger in 
the more than 80 years since astronomers first discovered it.  The importance of dark matter is not 
small.  Modern precision cosmological measurements reveal that more than 80% of the matter of the 
universe is dark matter.  Dark matter plays the dominant role in the evolution of structure in the 
universe starting from the initial conditions observed in the cosmic microwave background radiation, 
some 380,000 years after the big bang. 
 
The existence of dark matter is compelling evidence that our otherwise remarkably successful Standard 
Model describing the fundamental particles and forces is incomplete since none of the known 
elementary particles can serve as dark matter.  Dark matter signals a new piece of the fundamental laws 
of nature.  We have searched for new fundamental laws beyond the Standard Model for decades, in 
experiments on tabletops to the most powerful particle accelerator in the world, the Large Hadron 
Collider.  Discovery of a dark matter particles or waves would point the way forward beyond the 
Standard Model.  Determining the properties of dark matter is crucial for a detailed understanding of 
the evolution of structure in the universe, and understanding its interactions would provide a glimpse 
into conditions of the very early universe. 
 
The Current U.S. Program 
 
The discovery of the basic properties of dark matter particles by a suite of dedicated experiments (much 
like the masses and interaction properties of neutrinos are currently being measured) would lead the 
way to a new understanding of physical principles beyond those embodied in the Standard Model.  
Several approaches to discover the non-gravitational interactions of dark matter have been and are part 

of DOE Office of High Energy Physics (HEP) programs, 
including the search for dark matter at particle colliders, 
indirect detection of dark matter through astronomical 
observations of the annihilation products of dark matter, and 
direct detection of dark matter.  The hypothesis of the weakly 
interacting massive particle (WIMP) as the dark matter 
particle is well-motivated and has dominated experimental 
searches for the past few decades.  For some time, the 
quantum chromodynamics (QCD) axion has also been 
recognized as another compelling dark matter candidate, 
although it has received less experimental attention.  The 
search for these particles has resulted in three dedicated G2 

direct detection experiments in the HEP program: the LZ (LUX-ZEPLIN) Dark Matter Experiment, Super 

Although the neutron has constituent 
charged particles (quarks), it has no 
net charge polarity (i.e., no electric 
dipole moment).  A well-motivated 
solution is that the quark 
subcomponents of the neutron are 
forced into a charge-balanced 
configuration to minimize the 
potential energy of an associated 
field, the axion.  
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Cryogenic Dark Matter Search (SuperCDMS), and Axion Dark Matter Experiment (ADMX).  Both LZ and 
SuperCDMS are primarily designed to detect nuclear recoils of dark matter particles with mass greater 
than the proton mass.  While the ADMX was originally motivated to search for the QCD axion, in 

general, it searches for particles with mass of 2-40 µeV (2-40 x 10-6 eV). 
 
The search for dark matter is a worldwide effort involving underground experiments, accelerator 
searches, laboratory investigations, ground-based and space-based astronomical searches, and 
computer simulations; all informed by an active and thriving theoretical community.  The international 
dark-matter effort involves high-energy physicists, astrophysicists, cosmologists, and detector physicists.  
In this large international effort the diversity and depth of the U.S. effort is world leading.  The 
U.S. effort is multidisciplinary and supported by several Federal agencies and well as private 
foundations.  The anchor of the U.S. dark-matter search program is the Generation-2 (G2) experiments 
ADMX, LZ, and SuperCDMS.  Completion of the G2 program is the highest priority of the dark-matter 
community.  But like any active research area the frontier evolves, and in this report we identify new 
scientific opportunities beyond the reach of G2 that will maintain the U.S. dark-matter program at the 
forefront and offer real possibilities for discovery of the nature of dark matter.  The scientific 
opportunities leverage significant DOE investments in the suite of particle accelerators, a program of 
development of quantum sensors, the expertise and facilities of national laboratories, and an active 
community of theorists and experimentalists. 
 
New Directions, Why Now 
 
New ideas for dark matter 
 
Over the past decade, as initial searches for dark matter have shown no results, significant advances in 
dark matter theory have emphasized that, besides the QCD axion, there are many other compelling non-
WIMP dark matter candidates.  In particular, these candidates can be found anywhere in the mass range 

from 1 GeV (109 eV), which is roughly the lower sensitivity limit of G2 direct-detection experiments, 

down to 10-22 eV, which is the smallest possible dark matter mass consistent with structure formation. 
 
A defining feature of these new candidates is that they do not interact directly with the known Standard 
Model forces.  Instead, they are hypothesized to be part of a hidden sector and are connected to the 
Standard Model sector through a so-ŎŀƭƭŜŘ άŘŀǊƪ ŦƻǊŎŜΣέ ǿƘƛŎƘ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ƴŜǿ ŦƻǊŎŜ Ƙŀǎ ǾŜǊȅ ǿŜŀƪ 
interactions with ordinary particles, such that it would have evaded detection so far.  The hidden sector 
could also have a rich structure that leads to non-trivial dynamics in the dark sector.  These dynamics 
allow the observed abundance of dark matter in the universe to be set in previously unanticipated ways.  
This has important implications for the evolution of our universe and the detection of such dark matter.  
The coupling of the dark forces to dark matter also allows for novel search strategies for the new forces.  
This compelling paradigm for dark matter is now ripe for experimental exploration using recently 
developed technologies and novel ideas for detection. 
 
Technology and pathfinder experiments 
 

In parallel with the extension of theoretical interest in the parameter space from 10-22 eV to 1 GeV 

(109 eV), new concepts for dark matter detection have been developed.  These concepts are enabled by 
recent advances in detector and sensing technology and by state-of-the-art accelerator facilities.  Recent 
pathfinder experiments have demonstrated the sensitivity of accelerator-based fixed target dark matter 
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searches.2 It is now clear that high-intensity proton beams and high-rate electron beams will enable 
dramatic sensitivity improvements.  In addition, advances in low background detectors with a low 
energy threshold3 make possible a new generation of dark-matter direct detection searches below the 
mass of the proton, with emerging technologies even enabling searches for dark matter below the 
electron mass.4 Recent developments in quantum sensing technology (low-noise cryogenic and near 
quantum-limited amplifiers) have recently enabled the most powerful searches for the QCD axion in the 
ADMX,5 albeit in a narrow mass range.  New detection concepts and further advances in quantum 
sensing technology will enable sensitivity to dark matter over the entire wave-like mass range,6 including 
the full QCD axion parameter space. 
 
Provenance from the Particle Physics Project Prioritization Panel 
 
The 2014 P5 report identified the search for dark matter particles as one of the five priority science 
drivers for the HEP program.  To quotŜ tрΥ άIt is imperative to search for dark matter along every feasible 
avenueΣέ and the breadth of άwell-motivated ideas for what dark matter could be, [which] include weakly 
interacting massive particles (WIMPs), gravitinos, axions, sterile neutrinos, asymmetric dark matter, and hidden 
sector dark matter.έ7 
 
Some of these scenarios τ including WIMP searches τ are the purview of larger experiments, as 
described below.  However, much of the well-motivated parameter space for dark matter can be 
explored by small experiments in the near future.  This corresponds to another recommendation of P5, 
namely, that the HEP program should contain a portfolio of small projects to enable an uninterrupted 
flow of high-priority science results. 
 
This Report 
 
Recent experimental, technological, and theoretical advances have opened the potential for dark matter 
ŘƛǎŎƻǾŜǊȅ ƛƴ ŀ Ƴŀǎǎ ǊŀƴƎŜ ƻƴŎŜ ǘƘƻǳƎƘǘ ƛƴŀŎŎŜǎǎƛōƭŜΦ  ¢ƘŜ ŎƻƳƳǳƴƛǘȅΩǎ ƛƴǘŜǊŜǎǘ ƛƴ ǊŜŀƭƛȊƛƴƎ ǘƘƛǎ 
opportunity led to a workshop, άUS Cosmic Visions: New Ideas in Dark Matter,έ ƘŜƭŘ ƻƴ March 23-25, 
2017, resulting in a whitepaper summarizing these new science opportunities.8  Many of the new 
experimental approaches enabling this opportunity for discovery are expected to be realizable by small 
projects.  In many cases, these are cost effective because they leverage substantial DOE investments in 
facilities, infrastructure, and technology development. 
 
.ǳƛƭŘƛƴƎ ƻƴ ǘƘŜ ά¦{ /ƻǎƳƛŎ ±ƛǎƛƻƴǎέ ǿƘƛǘŜǇŀǇŜǊΣ I9t ŎŀƭƭŜŘ ŦƻǊ ŀ .wb ǿƻǊƪǎƘƻǇ ƻƴ ƴŜǿ ƛƴƛǘƛŀǘives in 
dark matter science.  The focus of the workshop, held October 15-18, 2018, and of this report is 
identifying new opportunities for dark matter particle searches and high-impact PRDs to realize these 
science opportunities.  A requirement was that the research should be pursued by small projects 

                                                           
2 A. A. Aguilar-Arevalo et al., Phys. Rev. D98 (2018) 112004; D. Banerjee et al., Phys, Rev. D97 (2018) 072002. 
3 See the discussion in the Direct Detection Panel Report in Chapter 4, pp. 54-66. 
4 See the discussion in the Direct Detection Panel Report in Chapter 4, pp. 54-66. 
5 https://depts.washington.edu/admx/ 
6 See the discussion in the Ultralight Dark Matter Panel Report in Chapter 4, pp. 67-78. 
7 Particle Physics Project Prioritization Panel, Building for Discovery: Strategic Plan for the U.S. Particle Physics 

Community in the Global Context, https://science.energy.gov/~/media/hep/hepap/pdf/May-
2014/FINAL_P5_Report_053014.pdf, p. 4 (2014). 

8 Marco Battaglieri, US Cosmic Visions: New Ideas in Dark Matter 2017: Community Report, arXiv:1707.04591 
[hep-ph] (2017). 

https://science.energy.gov/~/media/hep/hepap/pdf/May-2014/FINAL_P5_Report_053014.pdf
https://science.energy.gov/~/media/hep/hepap/pdf/May-2014/FINAL_P5_Report_053014.pdf
https://arxiv.org/abs/1707.04591
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όŀǇǇǊƻȄƛƳŀǘŜƭȅ Ϸрa ǘƻ Ϸмрa ƛƴ ǘƻǘŀƭ ǇǊƻƧŜŎǘ Ŏƻǎǘύ ƛƴ ǿƘƛŎƘ 5h9Ωǎ ƭŀōƻǊŀǘƻǊȅ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ŀƴŘκƻǊ 
technology capabilities can be fully exploited.  Small projects addressing much of this science are ready 
to start within the next few years, while others need further technology development before project 
initiation. 
Leaders in the field invited to participate in the BRN workshop were divided into four panels, with panel 
topics organized around experimental approaches where significant theoretical and technology 
advances within the last 5 years will enable high-impact searches for dark matter over the next 5-10 
years.  The four panels covered the following topics: 
 

1. Discovery of dark matter particles and related forces at accelerators  
2. Detection of galactic dark matter particles through interactions with ordinary matter 
3. Detection of dark matter as coherently oscillating waves 
4. Cross-cutting science opportunities and technology development.  

 
¢ƘŜ ŦƛƴŘƛƴƎǎ ƻŦ ǘƘŜ .wb ōǳƛƭŘ ƻƴ ǘƘŜ ά¦{ /ƻǎƳƛŎ ±ƛǎƛƻƴǎέ whitepaper as well as advances achieved in the 
intervening year and a half.  The deliberations from these panels are documented in Chapter 3.  The 
primary workshop goal was the identification of a short list of PRDs, which are summarized below and 
described in depth in Chapter 2. 
 
The Priority Research Directions 
 
The three PRDs in this report span an enormous range in mass for the dark matter particle, from 

10-22 eV, to the proton mass, approximately 1 GeV (109 eV).  The lower mass limit is set by the 
requirement that the de Broglie wavelength9 of the dark matter particle must be smaller than the size of 
objects dominated by dark matter.  The upper mass limit is set because the G2 program effectively 
covers the range above the proton mass.  If dark matter is produced by thermal processes in the early 

universe (discussed later), its mass must be greater than the electron mass (0.5 x 106 eV) and less than 

about 100 TeV (1014 eV).  The image below shows the dark matter range in this thermal period.   
 

 

 
 
 

PRD 1: Create and detect dark matter particles below the proton mass and 
associated forces, leveraging DOE accelerators that produce beams of 
energetic particles.  

 
Small experiments at accelerators can produce dark matter lighter than the proton, reproducing the 
conditions under which dark matter was created in the early universe.  This capability offers broad 
sensitivity to this light dark matter and suggests a strong prospect to measure its physical properties.  
The role of accelerator production experiments is especially prominent in theories of thermal dark 

                                                           
9 The de Broglie wavelength of a particle of mass m and velocity v is equal to h/mv, where h Iǎ tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘΦ 
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matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
ŀ ŦŀŎǘƻǊ ƻŦ мллл ƻŦ ŎǳǊǊŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎΩ ǎŜƴǎƛǘƛǾƛǘȅΣ ǿƘƛŎƘ ƛǎ ŀŎcessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  {ŜŀǊŎƘƛƴƎ ŦƻǊ ǘƘŜǎŜ άŘŀǊƪ ǎŜŎǘƻǊέ ǇŀǊǘƛŎƭŜǎ ǊŜǇǊŜǎŜƴǘǎ 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
Thrust 1 (near term): Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 
 

Two basic approaches can explore the parameter space of roughly 10-6 eV to 1 GeV (109 eV), leveraging 
the unique capabilities of DOE accelerators.  
 

¶ Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 

¶ Beam dump scattering measurements produce dark matter by stopping an intense electron or 
proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these ŦŀŎƛƭƛǘƛŜǎΩ 
primary programs ς in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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A third approach, involving spectrometer-based searches, offers broad sensitivity to unstable dark sector 
particles and the capability to fully characterize their decays.  Near-term proposals exploiting either 
continuous-wave electron beams or energetic proton beams are sensitive to dark force carriers and to a 
broad range of other unstable particles related to dark matter, as well as to physics beyond dark matter.  
In addition, many experiments primarily motivated by Thrust 1 also offer some complementary 
sensitivity to unstable dark sector particles.  
 
Together, spectrometer-based, missing momentum, and beam dump experiments have powerful 
discovery potential for models of dark matter and associated forces.  Some notable models are only 
partly explored by current accelerator-based experiments, and motivate future exploration of new 
concepts to extend this sensitivity. 
 

PRD 2: Detect galactic dark matter particles below the proton mass through 
interactions with advanced, ultra-sensitive detectors. 

 
Dark matter from the galaxy passes through the Earth undetected every second.  Ultra-sensitive 
laboratory experiments seek to detect rare interactions of the dark matter depositing a small amount of 
energy in advanced detectors, which are typically placed deep underground to reduce interference from 
other known events, like cosƳƛŎ ǊŀȅǎΦ  ¦Ǉ ǘƻ ƴƻǿΣ άŘƛǊŜŎǘ ŘŜǘŜŎǘƛƻƴέ ŜȄǇŜǊƛƳŜƴǘǎΣ ƛΦŜΦ, experiments 
using this technique, have been primarily focused on detecting dark matter particles that are heavier 
than the proton.  This PRD focuses on new experimental approaches to probe lower mass dark matter 
ranging from the proton mass to twelve orders of magnitude lighter.  This will dramatically extend our 
sensitivity to dark matter into previously unexplored frontiers. 
 

Direct detection would directly probe the galactic dark matter. 
 
Many exciting new theoretical ideas have motivated searches in this wide mass range and have provided 
specific targets for experiments to explore.  A mass range consisting of six orders of magnitude can be 
probed immediately with recently proven technology.  An additional six orders of magnitude in mass can 
be probed after additional R&D of promising technologies.  In each of these mass ranges, theory 
predicts dark matter candidates that could be discovered with just a gram of target material observed 
over one day.  The experiments discussed in this PRD could be realized by DOE small projects, making 
critical use of DOE resources, such as national laboratories, expert personnel, infrastructure, and 
especially the underground infrastructure already built with DOE support.  
 
Because theory targets exist in which the dark matter interacts only with nuclei, or only with electrons, 
this PRD consists of two thrusts of equal importance, which probe different possible interactions 
between dark matter and known matter.  Each thrust contains small projects that are ready to be 
executed immediately based on proven technology, as well as longer-term R&D efforts that would allow 
an even wider range of masses and interaction strengths to be probed. 
 
Thrust 1: Probe dark matter interactions with nuclei, as motivated by theoretical ideas for the nature 
of light dark matter, including its possible thermal and non-thermal origins. 
 
Dark matter can interact with nuclei in various target materials, producing a signal that depends on the 
target material and detector setup.  The type of interactions with the target includes dark matter 
scattering as well as dark matter absorption.  Ultra-sensitive experiments in the near term can probe the 
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scattering of dark matter with masses between 50 MeV (5 x 107 eV) and 1 GeV (109 eV), while medium-
to-longer term experiments could probe the scattering of dark matter with masses down to about 1 keV 

(103 eV) and the absorption of dark matter as light as approximately 1 meV (10-3 eV). 
 
Thrust 2: Probe dark matter interactions with electrons, as motivated by theoretical ideas for the 
nature of light dark matter, including its possible thermal and non-thermal origins. 
 
This thrust is similar to Thrust 1, but here dark matter interacts with electrons in various target 
materials, and this in some cases requires the development of advanced materials.  Ultra-sensitive 
experiments in the near term can probe the scattering of dark matter with masses between about 

1 MeV (106 eV) and 1 GeV (109 eV) and the absorption of dark matter with masses between 1 eV and 

1 keV (103 eV).  Medium-to-longer term experiments can be sensitive to the scattering of dark matter 

with masses between 1 keV (103 eV) and 1 MeV (106 eV) and the absorption of dark matter down to 

masses of about 1 meV (10-3 eV). 
 

PRD 3: Detect galactic dark matter waves using advanced, ultra-sensitive 
detectors with emphasis on the strongly motivated QCD axion. 

 

Good candidates for the dark matter of the universe span the entire άultralightέ mass range from 10-22 
eV to 1 eV.  In this range, dark matter acts more like a wave than a particle.  The frequency of this wave 

is set by the dark matter mass and ranges from 10-8 Hz to 1014 Hz.  This range contains the strongly 
motivated dark matter candidate, the QCD axion.  The QCD 
axion might also solve one of the deep mysteries in the 
fundamental laws of nature: understanding the differences 
between matter and antimatter inside the nucleus.  The vast 
majority of this 22 order-of-magnitude range appears to be 
accessible with novel, small-scale, direct-detection 
experiments in the laboratory, leveraging advances in high-
precision quantum technology. 
 
This ultralight dark matter, either in the form of axions or 
hidden photons, naturally arises from physics at ultrahigh 
energy scales.  A detector in such an experiment thus probes 
fundamental physics at ultrahigh energies, far above what 
can be created in terrestrial laboratories.  Such dark matter 

is naturally produced at the very earliest times in the universe, during the conjectured period of 

extraordinary inflation during the first 10-35 seconds after the big bang.  Its abundance and properties 
are tied to the physics of inflation.  Thus, a detection of such dark matter also provides information on 
the earliest times in the formation of the universe in ways highly complementary to cosmic microwave 
background experiments. 
 

Discovery of dark matter waves would provide a glimpse into the earliest moments in 
the origin of the universe and the laws of nature at ultrahigh energies, beyond what 
can be probed in colliders. 

 
Combining scientific motivation and technical readiness, the highest priority for small-scale DOE projects 

in ultralight dark matter is to search in the mass range of Thrust 1: 100 Hz to 10 GHz (roughly 10-12 eV to 

Whether the dark matter is best 
described by a particle picture or a 
wave picture is determined by the 
occupation number of particles 
within a volume of radius equal to the 
de Broglie wavelength.  If the 
occupation number is much larger 
than unity, the dark matter is best 
visualized as a wave.  The crossover 
occurs at a dark-matter particle mass 
of about 1 eV, i.e., below this mass 
the wave description is better. 
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10-4 eV), with the strongest emphasis on covering as much of the QCD axion line as possible.  Thrust 2 
will develop and extend new detector technologies to cover the entire ultralight mass range. 
 
Thrust 1: Utilize new detector technologies to explore large parts of dark matter parameter space 

covering a broad range of mass from 100 Hz to 10 GHz (roughly 10-12 eV to 10-4 eV) and targeting 
sensitivity to the QCD axion where possible. 
 

Excitingly, novel small-scale experiments to explore dark matter candidates in the mass range 10-12 eV 

to 10-4 eV are ready for conceptual development in the near future.  A few complementary experiments 
could cover this entire mass range and, most importantly, could probe the QCD axion over the vast 
majority of this range.  These complementary experimental approaches involve use of several 
techniques (magnetic resonance, lumped-element resonators, and microwave cavities), and leverage 
advances in high-precision quantum sensors. 
 
Thrust 2: Develop or extend new detector technologies to enable experiments to cover the remaining 
parameter space for well-motivated dark matter models spanning roughly 20 orders of magnitude in 
mass and also targeting complete coverage of QCD axion models. 
 
Farther into the future many promising approaches are poised to extend our coverage over the entire 
ultralight dark matter range.  For example, new resonator and quantum sensing technologies are 

currently being developed to target higher frequency dark matter waves (above 10 GHz/10-4 eV) and 
also fill out coverage of the QCD axion at all frequencies.  Other technologies (e.g., atomic 
interferometers and magnetometers and torsion pendulums) are being developed to extend the reach 
into the ultra-low mass frontier of dark matter wavelengths as large as the size of dwarf galaxies.  To 
take advantage of the high impact of these approaches, further technology development is needed on 
all these directions. 
 
Complementarity between PRDs and Cross-Cutting Opportunities 
 
The three PRDs represent a comprehensive program of small projects to explore dark matter below the 
mass of the proton.  This point is illustrated in Figures 1-1 and 1-2.  Figure 1-1 shows the interaction 

strength for the mass range from keV (103 eV) to GeV (109 eV) for three hypotheses concerning the 

scaling of the dark matter scattering cross section with its velocity (v-4, v0, and v2).  Also displayed are 
the regions that are covered by PRDs 1 and 2 via searches for dark matter production at accelerators or 
by direct detection, respectively.  Also indicated are regions of parameter space corresponding to near-
term theoretical milestone scenarios which naturally explain the observed abundance of the dark 
matter in the universe.  Together, the two PRDs provide an extremely powerful diagnostic tool for dark 
matter physics. 
 

In Figure 1-2, the interaction strength is shown for the mass region from 10-22 eV (below which the dark 

matter would be unable to form observed galaxies) to 103 eV (above which the dark matter behaves as 
particles rather than waves), along with the regions that would be covered by PRD 2 and PRD 3.  Also 
indicated is the theoretically motivated parameter space of the QCD axion. 
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Figure 1-1: Dependence of interaction strength and dark matter velocity for accelerator experiments and direct 
detection experiments in PRD 1 and PRD 2, respectively.  The reach of the different techniques is indicated, as well 
as near-term theoretical milestone scenarios.  Depending on the scaling of the dependence of the low-energy dark 
matter scattering with nuclei or electrons, direct detection or accelerator production could be most sensitive. 

 
 

 

Figure 1-2: Dependence of interaction strength parameter space for wave dark matter spanning many orders of 
magnitude.  In the upper mass range, direct detection experiments (PRD 2) provide complementary information for 
PRD 3. 
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2. PRIORITY RESEARCH DIRECTIONS 
 
The workshop discussion identified three Priority Research Directions (PRDs) that define the basic 
research needs for the dark matter small projects initiative.  Each PRD is discussed in depth with the 
associated research thrusts in this chapter.  As background, Chapter 4 of the report provides an in-depth 
assessment of the current status of relevant research in the field of dark matter. 
 
LIST OF PRIORITY RESEARCH DIRECTIONS AND ASSOCIATED RESEARCH THRUSTS 
 

1. Create and detect dark matter particles below the proton mass and associated forces, leveraging DOE 
accelerators that produce beams of energetic particles. 

Thrust 1: Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 

Thrust 2: Explore the structure of the dark sector by producing and detecting unstable dark 
particles. 

2. Detect individual galactic dark matter particles below the proton mass through interactions with 
advanced, ultra-sensitive detectors. 

Thrust 1: Probe dark matter interactions with nuclei, as motivated by theoretical ideas for the 
nature of light dark matter, including its possible thermal and non-thermal origins. 

Thrust 2: Probe dark matter interactions with electrons, as motivated by theoretical ideas for 
the nature of light dark matter, including its possible thermal and non-thermal origins. 

3. Detect galactic dark matter waves using advanced, ultra-sensitive detectors with emphasis on the 
strongly motivated QCD axion. 

Thrust 1: Utilize new detector technologies to explore large parts of dark matter parameter 

space covering a broad range of mass from 100 Hz to 10 GHz (roughly 10-12 eV to 10-4 eV) and 
targeting sensitivity to the QCD axion where possible. 

Thrust 2: Develop or extend new detector technologies to enable experiments to cover the 
remaining parameter space for well-motivated dark matter models spanning roughly 20 orders 
of magnitude in mass and also targeting complete coverage of QCD axion models. 

 

 

Mass range covered by PRDs and G2 program: O.1 zeV to 200 TeV (10-22 eV to 2 x 1014 eV).  Early-universe thermal 
production of dark matter requires the dark matter particle mass to be less than about 200 TeV.  For dark matter to 

be responsible for structure formation requires a mass larger than 10-22 eV.  Although this is an enormous mass 
range, the PRDs in this report, together with the current G2 program, span the entire range.  All three PRDs are 
needed to achieve broad sensitivity and, in particular, to reach different key milestones and targets. 
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PRD 1: Create and detect dark matter particles below the proton mass 
and associated forces, leveraging DOE accelerators that produce 
beams of energetic particles 
 
Future experiments at existing DOE accelerator facilities using established detector technology offer a 
unique window on the physics of light dark matter at modest cost.  These experiments use the collisions 
of electrons, protons, or muons on target atoms to produce and detect dark matter and associated 
unstable particles in the laboratory.  The two thrusts of this PRD, described below, are each motivated 
by exploring different aspects of the thermal dark matter paradigm ς a compelling paradigm in which 
dark matter originates from its interactions with ordinary matter in the hot early universe.  Existing DOE 
High-Energy Physics, Nuclear Physics, Basic Energy Sciences, and National Nuclear Security 
Administration beams could be used to realize this program (Table 2-1).  The multiple DOE beam 
facilities provide a variety of energies, particle types, and capabilities for this experimental program. 
 
Table 2-1: Summary of PRD 1.  If realized, the possibility to produce and detect dark matter at DOE accelerators 
would create a tremendous opportunity to explore dark matter particles and associated forces below the proton 
mass.  The techniques that realize this PRD are shown in the columns under the two thrusts and are defined later.  
The DOE accelerators/beamlines that have been studied and could enable these techniques are shown in the 
ǎŜŎƻƴŘ ŎƻƭǳƳƴΦ  {ƻƳŜ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǘŜŎƘƴƛǉǳŜ ŀƴŘ ŦŀŎƛƭƛǘȅ ŀǊŜ ŎƻƴŎŜƛǾŜŘ ŀǎ άǇŀǊŀǎƛǘƛŎΣέ ƛΦŜΦΣ ŘŜǎƛƎƴŜŘ ǘƻ ƻǇŜǊŀǘŜ 
simultaneously with a primary physics program, while others are cǳǊǊŜƴǘƭȅ ǳƴŘŜǊǎǘƻƻŘ ǘƻ ǊŜǉǳƛǊŜ άŘŜŘƛŎŀǘŜŘέ 
operations.  Beams of different particle species (electron, proton, and muon) enable different concepts and probe 
different couplings to the dark sector.  Beam dump and missing momentum experiments are primarily focused on 
Thrust 1, with additional applications to Thrust 2.  Spectrometer-based experiments are primarily motivated by 
Thrust 2. 

Lab 
Accelerator /  

Beamline 

 
Thrust 1 Thrust 2 

Proton 
Dump 

Electron 
Dump 

 
Electron 
Missing 

Momentum 

Muon 
Missing 

Momentum 
Spectrometer 

Based 

 
FNAL 

BNB (8 GeV) Dedicated         

MI (120 GeV) Dedicated       Dedicated 

2dary muons       Dedicated   

ORNL SNS Parasitic         

LANL LANSCE Parasitic         

SLAC LCLS-II   Parasitic Parasitic   Parasitic 

JLab CEBAF   Parasitic Dedicated   Dedicated 

 
 
The science described in this PRD is motivating new efforts at laboratories around the world, including 
the European Organization for Nuclear Research (CERN), the High Energy Accelerator Research 
Organization (KEK), Mainz Energy-Recovering Superconducting Accelerator, and National Institute for 
Nuclear Physics (INFN).  In this global landscape, the capabilities of the DOE accelerator infrastructure ς 
in particular, multi-GeV continuous-wave electron beams and high-intensity proton beams ς provide 
unique opportunities.  By leveraging existing DOE accelerator infrastructure, U.S. small projects can 
provide world-leading contributions to this important and vibrant new science. 
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Science Opportunities 
 
A compelling explanation for the origin of dark matter is that it was produced through interactions with 
the bath of familiar matter that filled the universe after the big bang.  Producing this άǘƘŜǊƳŀƭ dark 
ƳŀǘǘŜǊέ in accelerator-based experiments is the only way to reproduce the kinematic conditions of 
these primordial interactions; therefore, such experiments offer an especially powerful window on the 
thermal dark matter paradigm. 
 
The range of masses consistent with thermal dark matter is illustrated by the green band in Figure 2-1, 
while the light dark matter parameter space probed by this PRD is denoted by the blue shading.  The 
new opportunities in this PRD complement existing collider, direct detection, and indirect detection 
efforts that search for WIMPs above the proton mass.  Together, they can provide complete coverage of 
the viable mass range for thermal dark matter. 
 

 

Figure 2-1: Dark matter mass parameter space. The thermal dark matter mass range is shown in green, the mass 
range probed by accelerator-based small projects is shaded in blue, and the complementary mass range explored 
by the existing collider program is shaded in brown. 

 
A particularly simple, robust, and predictive realization of thermal dark matter is that dark matter and 
ordinary matter were once in thermal equilibrium, with the strength of interactions between them 
determining the abundance of dark matter seen today.  Interaction strengths that could explain the 
origin of dark matter imply a minimum dark matter production rate at fixed-target experiments 
(illustrated by the green band in Figure 2-2).  These predicted signals are within a factor of 1000 of 
current ŜȄǇŜǊƛƳŜƴǘǎΩ sensitivity.  This strongly motivates a focus on experiments that achieve a 10- to 
1000-fold sensitivity gain over current dark matter searches across the electron-to-proton mass range.  
A factor of 10 improvement would represent important progress, while a full factor of 1000 
improvement would thoroughly explore this predictive scenario.  Achieving these gains in sensitivity for 
dark matter production reactions is the goal of Thrust 1. 
 
Thermal dark matter lighter than the proton implies the existence of light, unstable άŘŀǊƪ ǎŜŎǘƻǊέ 
particles that interact with both the dark matter and ordinary matter.  One example of such a state is 
the posited force carrier (discussed earlier) that mediates interactions between dark and familiar 
matter, which may decay into familiar matter.  Moreover, many models of dark matter include excited 
states that may decay into visible particles or into a combination of visible and dark matter particles.  
Searching for these particles is an additional window on the physics of dark matter, with complementary 
discovery sensitivity.  This motivates Thrust 2, focused on searching for new particles in a variety of 
visible final states.  Accelerator experiments offer the only means of detecting this crucial part of the 
dark matter physics. 
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Figure 2-2: Sensitivity of small accelerator-based experiments to two example benchmark models of dark matter.  

The interaction strength is (gDM
 gSM

 /4p) 2 (mDM /mMED)4 /aEM, where the coupling of the mediator (MED) to dark 
matter (DM) is gDM, and the coupling of the mediator to standard model particles is gSM.  For the figure, mMED 

= 3mDM has been assumed.  (Left) Sensitivity of proposed experimental techniques to minimal dark matter 
production signals, via kinematic or recoil signatures.  (Right) Sensitivity of proposed experimental techniques to 
inelastic dark matter production, via kinematic or excited-state decay signatures.  The width of the solid green 
bands reflects the range of possible velocity dependences of dark matter interactions (depending on the dark 
matter spin and mass structure) in each case, while the lighter green regions show the variation in interaction 
strength predictions in corners of parameter space or generalized thermal models. 

 

Research Thrusts 
 
This section summarizes the kinds of physics measurements that have been considered to address the 
two scientific goals mentioned above, the accelerator infrastructure that they require, and the science 
potentially achievable by each kind of measurement.  Assumed are the existing infrastructure, 
reasonable run times and detector scales, and efficient background rejection. 
 
Thrust 1 (near term): Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 
 
As described above, predictive milestones for thermal dark matter production motivate a factor of 10-
1000 improvement in sensitivity beyond existing particle-beam measurements. 
 
Small projects to achieve this goal fall into two categories: missing momentum experiments and beam 
dump experiments.  Missing momentum experiments identify dark matter production events based on 
the kinematics of visible particles recoiling from the production event, while beam dump experiments 
rely on producing dark matter particles in the target and then detecting their scattering in a downstream 
detector.  These techniques are illustrated in Figure 2-3.  Recent experiments demonstrating the 
feasibility and power of both approaches are summarized in the Current Status and Recent Theoretical 
and Technological Advances section of the Accelerator Production Panel Report in Chapter 4.  Near-term 
opportunities exist for transformational improvements over current sensitivity by using available 
detector technologies and existing DOE accelerator infrastructure.  
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As a byproduct of reaching the important milestones associated with predictive models for the origin of 
dark matter, these experiments will also broadly explore the parameter space for dark matter 
interactions with familiar matter, irrespective of its cosmological origin, including dark matter much 
lighter than the electron.  In the following, we summarize the key capabilities of each technique and 
their general beam and detector requirements, with examples of DOE facilities that would enable them. 

 

 

Figure 2-3: A schematic of accelerator-based techniques which probe Big Bang dark matter production. 

 
Missing momentum experiments (see Figure 2-3, center) in a continuous-wave electron beam offer a 
path to achieving a full 1000-fold or better improvement compared with existing sensitivity over a broad 
range of dark matter masses.  These high-rate, single-particle measurements capitalize on precise and 
modern fast-response and radiation-tolerant detector technologies.  Moreover, they can use kinematic 
techniques to measure dark matter mass and interaction properties in the event of a discovery.  Multi-
GeV continuous-wave electron beams are necessary to enable electron missing-momentum 
experiments.  DOE facilities providing such beams include SLAC (LCLS-II) and Jefferson Laboratory 
(CEBAF).  Concepts for LCLS-II operation would parasitically extract a low-current electron beam in 
parallel with light source operation, while concepts for CEBAF operation would involve dedicated beam 
ǘƛƳŜ ƛƴ ƻƴŜ ƻŦ WŜŦŦŜǊǎƻƴ [ŀōƻǊŀǘƻǊȅΩǎ ŜȄǇŜǊƛƳŜƴǘŀƭ ƘŀƭƭǎΦ  ! ƴŜǿ ŘŜŘƛŎŀǘŜŘ ŘŜǘŜŎǘƻǊ ƻǇŜǊŀǘƛƴƎ ƻƴ ŀ 

muon beamline delivering O(107) muons per minute could be developed, for example, by upgrading a 
secondary muon beamline.  With this beamline, FNAL could perform missing momentum searches 
similar to those utilizing electron beams, perhaps with the same type of detector.  Although further 
studies are still needed, these experiments may reach 10-to-100-fold sensitivity gains over existing 
experiments for dark matter heavier than the muon and can also uniquely test the interaction between 
dark matter and muons. 
 
Beam dump experiments (Figure 2-3, right) using existing electron or proton beams are capable of at 
least 10-fold sensitivity improvements over previous experiments.  Additional measurements of the 
properties of dark matter can be performed in the event of a discovery.  Electron beam-dump 
experiments rely on high-intensity electron beams.  Parasitic use can be made of high-intensity electron 
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beams, such as those delivered by CEBAF or LCLS-II, by placing a detector in a new experimental hall 
built downstream of their beam dumps.  Proton beam dumps offer comparable reach, with unique 
sensitivity to nucleon couplings, and can be realized at several facilities.  Existing infrastructure can be 
exploited in various ways: for example, by steering the FNAL Booster Neutrino Beam (BNB) proton beam 
into an upgraded beam dump and looking for dark matter scattering in existing neutrino detectors, or by 
operating new coherent neutrino-nucleus scattering detectors during routine operations of intense low-
energy proton stopped pion sources, such as SNS or LANSCE.  These approaches can expand the dark 
matter search sensitivity below the proton mass.  Placing a new and improved detector on a high-energy 

ǇǊƻǘƻƴ ōŜŀƳƭƛƴŜΣ ǎǳŎƘ ŀǎ ǘƘŜ CŜǊƳƛƭŀōΩǎ aŀƛƴ LƴƧŜŎǘƻǊ мнл DŜ± όмΦн Ȅ 1011 eV) beamline, would extend 
sensitivity to higher mass. 
 
Thrust 2 (near term and long term): Explore the structure of the dark sector by producing and 
detecting unstable dark particles. 
 
Accelerator-based experiments are the only type of experiment capable of producing not only dark 
ƳŀǘǘŜǊΣ ōǳǘ ƻǘƘŜǊ ǊŜƭŀǘŜŘ ǇŀǊǘƛŎƭŜǎ όǘƘŜ άŘŀǊƪ ǎŜŎǘƻǊέύΦ  ¢ƘŜ ƭŀǘǘŜǊ Ŏƭŀǎǎ ƻŦ ǇŀǊǘƛŎƭŜǎ Ŏŀƴ ōŜ ŘŜǘŜŎǘŜŘ 
through their decays into ordinary matter.  Two key examples are decays of (i) a new force carrier into 
two particles of visible matter and (ii) additional particles charged under these forces into a dark matter 
particle accompanied by familiar particles.  The second signal is illustrated in Figure 2-4. 
 

 

Figure 2-4: Schematic of accelerator-based techniques that can explore the structure of the dark sector using 
spectrometer-based experiments. 

 
The decays of unstable dark sector particles may produce detectable signals in the beam dump or 
missing momentum experiments motivated by Thrust 1.  For example, semi-visible excited states of dark 
matter may be sufficiently long-lived that their decays are seen in a beam dump experiment, while late 
decays of force carriers may occur in the detector volume of a missing momentum experiment.  These 
dual capabilities underscore the inherently multi-purpose nature of these experimental concepts, the 
full capabilities of which are a subject of ongoing research.  
 
In addition, the requirement of a dark sector motivates spectrometer-based experiments more directly 
tailored to searching for unstable ŘŀǊƪ ǎŜŎǘƻǊ ǇŀǊǘƛŎƭŜǎΦ  ¢ƘŜǎŜ ŜȄǇŜǊƛƳŜƴǘǎ ŀƛƳ ǘƻ ƛŘŜƴǘƛŦȅ ŀƴŘ ƳŜŀǎǳǊŜ 
ǘƘŜ ǾƛǎƛōƭŜ ǇǊƻŘǳŎǘǎ ƻŦ ŀ ŘŀǊƪ ǎŜŎǘƻǊ ǇŀǊǘƛŎƭŜΩǎ ŘŜŎŀȅ  ᵄ  ǘȅǇƛŎŀƭƭȅ ǿƛǘƘ ƳǳŎƘ ǎƘƻǊǘŜǊ ōŀǎŜƭƛƴŜǎ ǘƘŀƴ ōŜŀƳ 














































































































































